Abstract: Polyethersulfone (PES) optical fibers are drawn and thermally processed in order to generate variable side-illumination profiles. The thermal treatment allows microbubbles to be formed in an outer layer of the PES fiber, providing light scattering with controllable amplitudes (0.25-2.5 cm −1 ). Several fibers with different scattering profiles, such as uniform axial irradiation and multiple irradiation spots, are demonstrated. A small microbubbleinduced scattering spot on the surface may be used for side-coupling of ambient light into the fiber. These mechanically flexible all-PES fibers with custom-designable scattering profiles may be useful for spatially tuned delivery of light for various applications, including phototherapy.
Some other interesting mechanical properties of PES have been studied elsewhere [18] . A generally overlooked-but important in this work-property of PES is that it possesses a high water absorption capacity of ~2% at equilibrium [19] [20] [21] . This considerable water retention enables us to generate microbubbles, via thermal post-treatment, in customizable patterns for side scattering. The light-diffusing elements are formed inside the fiber, unlike most conventional modified fibers, which can add to stability against variation of surrounding tissues.
Experimental results

Drawing PES fibers from thermoplastic preforms
A homebuilt drawing furnace was used for thermal fiber drawing, consisting of a 10 cm-long cylindrical heater with an inner diameter of 10 cm. The temperature of the hottest section of the heater was approximately 250 °C. Before drawing, we placed a PES rod preform, shown in Fig. 1(b) , in vacuum for 48 h at 100 °C to remove moisture from the polymer. This step is important to reduce optical scattering loss after thermal drawing of the preform into the fiber form. Figure 1 (c) depicts how the PES preform was then manually pulled downward through the furnace. The fiber thickness was controlled by the fiber pulling speed and the furnace temperature. Figure 1(d) shows a spool of a PES fiber drawn to a diameter of ~300 µm. Figure 1 (e) illustrates red light (633 nm) propagating through a 30 cm-long PES fiber and dispersed beyond the distal, cleaved end. 
Formation of light-scattering structure by heat treatment
PES contains nano-sized pores in its polymeric network, as shown in Fig. 2 . Moisture in the ambient air can easily penetrate and remain inside these pores. Heating PES creates an increased internal vapor pressure where moisture near the polymer surface escapes the material, but the moisture trapped farther inside the material expands and forms microbubbles, increasing the size of the polymer pores illustrated in Figs. 2(b) and 2(c). As the material is cooled below its softening temperature, the microbubble-enlarged pores are physically settled. At room temperature, the vapor pressure is equilibrated, but the micropores remain and serve as scattering elements. Rayleigh light scattering is dominant in the intact polymer with nanopores, but after the heat treatment, Mie scattering becomes the dominant scattering, producing strong white-color scattering shown in Fig. 2(d) .
Visual inspection under a brightfield microscope showed that microbubbles begin to appear in areas inside the polymer close to the surface, where the polymer's temperature is high, but the vapor has not escaped. The faster the temperature increases, the closer to the surface microbubbles were formed. The formation of bubbles near the surface serves as a thermal insulating layer and slows down the further heating of the inner polymer layers. Furthermore, the innermost bubbles may liberate vapor from the deepest layers. As a result, the inner region of the fiber remains intact. This low-scattering central part acts as a fiber core. Figure 2 (e) shows the cross section of the fiber after heat treatment. More details on the microbubble distribution are described in Section 2.4. 
Measuring scattering coefficient dependence on temperature and time
To measure the intrinsic optical loss of the fibers, we used a cutback technique. The measured loss of an 800 µm-thick PES fiber was 0.7 to 0.8 dB/cm at 633 nm, which corresponds to an attenuation coefficient α 0 of 0.16 to 0.18 cm −1 . This value was consistent with the optical loss of the bulk polymer in Fig. 1(a) , which indicates that the surface roughness of the PES fiber prior to heat treatment is negligible compared to the material loss.
Next, we cleaved fibers with two different diameters, 300 and 800 µm, into shorter segments 20-30 mm-long, and applied heat along the entire lengths of the fibers using a hot flat-tip soldering iron. The amount of scattering increases with increasing heat exposure time as shown in Fig. 3(a) . Note the heat treatment involves some axial shrinkage of the fibers due to release of the tension which was stored in the fiber during the draw [22] . The two ends of each fiber sample were then cut and polished, and the optical propagation loss of each fiber at 633 nm was measured as depicted in Fig. 3(b) . From the data, we obtained the total attenuation coefficient, α = [ln(loss)] cm −1 , of the fiber, and determined the coefficient of microbubble-induced scattering from the difference in optical loss, α − α 0 , where α 0 is the attenuation coefficient of fiber prior to heat treatment. In Fig. 3(c) , the fiber samples were heated for the same amount of time (6 s for 800 µm-diameter fibers and 5 s for 300 µm-diameter fibers), but at different temperatures (ranging from 140 to 200 °C) that were measured using a thermocouple in contact with the fibers. In the second test, Fig. 3(d) , the fiber temperature was maintained at 200 °C as the exposure time increased from 1 to 5 s for the 300 µm-diameter fibers and from 3 to 8 s for 800 µm-diameter fibers. We did not observe any change in the thicker fiber before 3 seconds. The results show that the scattering coefficient can be tuned by varying temperature and exposure time. 
Tunable scattering coefficients and designer emission patterns
To gain deeper insights into the formation of microbubbles, we fabricated an 800 µm-diameter fiber and treated a 5 mm-long distal section with an axially-varied heat exposure profile, increasing heating time toward the end of the section shown in Fig. 4(a) . The axially increasing α s resulted in a relatively uniform side emission profile shown in Fig. 4(b) . To examine the microbubbles along the length, we cleaved the fiber into several 300 µm-thick segments. Figure 4 (c) shows the cross-sectional transmission images of the segments. We found that the bubbles formed predominantly ~30 µm inside from the outer surface (sections 2 to 5). We reasoned that the moisture in the region closer to the surface managed to diffuse out of the fiber as temperature increased, preventing microbubbles from being formed. The diameter of the average microbubble is several microns wide. The tunability of scattering was harnessed to achieve user-defined side-emission patterns. Figure 5 (a) shows a 200 µm-thick fiber that was heat-treated to have a 1 cm-long uniform side-emission region according to a user-defined scattering profile, displayed in Fig. 5(b) . We mounted the fiber on a 360-degree rotational stage and captured the emission profile as a function of the azimuthal angle. The result in Fig. 5(c) shows uniform angular scattering in all directions. Figure 5(d) depicts the normalized emission profile (magenta curve) in comparison to theoretical prediction (black curve) based on the target design profile. For further comparison, in Fig. 5(d) we also show the normalized emission profiles of two other fibers with the same outer diameter (200 µm) heat-treated with constant scattering coefficients of α s = 0.25 mm −1 (dark green curve) and 2.5 mm −1 (light green curve), respectively. For the highscattering fiber, light emission is localized in the first 1 mm length of the treated zone. For the low-scattering fiber, light emission intensity decreases exponentially with distance. The increased brightness near the fiber end is due to the back scattering of remaining light at the end surface.
In another PES fiber, we introduced four scattering spots by applying local heat at discrete locations using a soldering iron tip, shown in Fig. 6(a) . The scattering coefficient was increased by changing the exposure time such that an equal emission intensity was achieved from the four spots when light enters from the left, shown in Fig. 6(b) . 
Surface-induced microbubbles for side light collection
Direct contact with a hot wire offers another way to generate micro-scatterers on PES fibers, as shown in Fig. 7(a) . This technique is effective to introduce a localized side scattering spot, which may be used to emit light to a specific direction or, conversely, receive light from the side into the fiber. Incident light from the side is first scattered into various angles, and part of the forward scattered light may be captured into the fiber by total internal reflection at the opposite surface. The collection efficiency may be enhanced by introducing a second side scattering spot on the opposite fiber side as shown in Fig. 7(b) . To make the scattering spot, we used a heating wire at a temperature of 450 °C and made contact to a PES fiber for a fraction of second. Figure 7 (c) shows micrographs of a scattering spot made on an 800 µm-diameter fiber. Figure 7 (d) shows a sample with a single scattering spot. When collimated, laser light (633 nm) was illuminated normal to the scattering spot, we measured 11% of the input light coupled into the fiber (by measuring the power at the fiber ends and considering the material and Fresnel losses). We then introduced the second scattering spot at the opposite surface, as shown in Fig. 7(e) . The size of the second scattering spot was approximately made to be 1.2 mm wide ( 2 *tan c D θ where D is the fiber diameter and θ c = 37.3° is the critical angle for n (PES) = 1.65 and n (air) = 1). This resulted in a light collection efficiency increase from 11 to 19%. 
Conclusions
The intrinsic optical loss of 0.2 -0.8 dB/cm of the PES fibers in the red and near infrared spectral ranges make them unsuitable for optical transmission across long distances. Indeed, the simple post-processing techniques we introduced here render PES fibers as an attractive platform to fabricate short fiber segments (~cm's), with user-designable, side-illumination patterns. Short PES fibers with radially uniform illumination patterns can be connected to conventional low-loss optical fibers for practical applications such as photodynamic therapy or phototherapy in a hollow organ. The light-collection capability via side-scattering windows may then be useful for optical sensing and therapy monitoring. In this work, we utilized a soldering iron for heating, but the resolution and precision of the thermal post-processing could be further improved by making use of tightly focused laser heating. 
